We present BVRI colors of 13 Jovian and 8 Saturnian irregular satellites obtained with the 2.56m Nordic Optical Telescope on La Palma, the 6.5m Magellan Baade Telescope on La Campanas, and the 6m MMT on Mt. Hopkins. The observations were performed between December 2001 to March 2002. Nearly all of the known irregular satellites can be divided into two distinct classes based on their colors. One, the grey color class, has the similar colors to the C-type asteroid, and the other, the light red color class, has colors similar to P/D-type asteroids. We also find at least one object, the Jovian irregular J XXIII Kalyke, that has colors similar to the red colored Centaurs/TNOs, although its classification is unsecure.
Introduction
The satellites of the giant planets in the outer system can be separated into two groups, the regular and irregular, based on their orbital characteristics. The orbits of the regular satellites are prograde, nearly circular, and very close to the equatorial plane of their host planet. It is commonly accepted that the regular satellites were created much like the solar system, forming from a circumplanetary disk of gas and dust. The irregular satellites, however, have highly inclined and eccentric orbits, with similar numbers of retrograde as prograde. They are typically small (∼ 10 2 km) and have semimajor axes that are larger than the regular satellites. These orbital characteristics suggest that the irregular satellites formed outside of the circumplanetary disk and were subsequently captured.
The regular satellites have been studied extensively through both ground-based and space-based platforms. Aside from the scattered light from their host planets, the size and brightness of the regular satellites make them easy targets for even the smallest ground-based telescopes. The irregulars, however, are sufficiently fainter that, until recently, the sample of known objects has been severely limited. N I Triton, with its small, circular but retrograde orbit, was discovered in 1846 by W. Lassell (Lassell 1846) . The first distant irregular satellite, S IX Phoebe, orbiting around Saturn, was discovered by W. Pickering in 1889. These, along with eight Jovian (J VI Himalia, J VII Elara, J VIII Pasiphae, J IX Sinope, J X Lysithea, J XI Carme, J XII Ananke and J XIII Leda) and one other Neptunian (N II Nereid) irregular satellites were the only ones known.
Recent discoveries have dramatically increased the census of irregular satellites. In 1997-1999, (Gladman et al. 1998 reported the discovery of five Uranian irregulars.
In 1999-2000 a dozen new irregular satellites were discovered around both Jupiter (J XVII Callirrhoe to J XXVII Praxidike and S/2000 J11) (Scotti et al. 2000; Sheppard et al. 2000 Sheppard et al. , 2001 Green 2002) and Saturn (S/2000 S 1-12) (Gladman et al. 2001) , more than tripling the number of known irregulars in the Solar System. Most recently, the discoveries of another 11 Jovian irregular satellites (S/2001 J 1-11) (Sheppard et al. 2002) and another Uranian (S/2001 U 1) (Holman et al. 2002) were reported.
Several scenarios have been proposed for the origin of the irregular satellites, most concentrating on some type of capture of objects from heliocentric orbit. These objects may be temporarily captured in orbits around the giant planets, by passing through the interior Lagrange point, L 2 , with a low velocity (Heppenheimer 1975 ). The capture is only temporary, since no energy is lost in the transfer from heliocentric to planetcentric orbit. Temporary capture typically lasts only 10 − 100 orbits (Byl and Ovenden 1975; Heppenheimer and Porco 1977 ). An energy dissipation mechanism is therefore needed to make the capture permanent. The fact that the first seven Jovian irregular satellites form two dynamical groups, the progrades and the retrogrades, was recognized early. Kuiper (1956) first suggested that these two known classes of Jovian satellites were most likely the result of two separate events rather than seven (J XIII Leda was not yet discovered). Colombo and Franklin (1971) proposed that the capture was due to fragmentation during a single collision between an outer Jovian satellite and an asteroid. The fragments of the larger satellite would comprise the prograde Jovian group, while the fragments of the asteroid would make up the retrograde group. Heppenheimer and Porco (1977) studied how a rapid increase of a planet's mass during formation could temporarily captured objects into bound irregular satellites. Pollack et al. (1979) proposed yet another capture mechanism.
They envisioned that the two clusters were indeed fragments of separate parent bodies, but that the parent bodies were captured by gas drag from an extended gas envelope around the giant planet. They assumed that one pass through the gas envelope was sufficent to lower the progenitors velocities enough for them to be permanently captured. The gas envelope collapsed, at least locally, shortly after the capture of the two progenitors (≤ 10 years) ensuring that the gas drag did not cause their orbits to spiral into the planet. Pollack et al. also raised the point that the two progenitors may have been fragmented after being captured due to the dynamic pressure of the gas exceeding the progenitor's strength. They demonstrated that these fragments would stay gravitationally bound to each other and that a close encounter or collision was needed to disperse them. Recently Cúk and Burns (2001) have taken the gas drag model one step further by assuming a flattened disk around a proto-Jupiter instead of the extended gas envelop used by Pollack et al. (1979) . These theories all imply different time scales and satellite ages. Gladman et al. (2001) found that almost all of the newly discovered irregulars also cluster in easily discernible groups. They also found more clusters than the two (pro-and retrograde) initially envisioned. The new Jovian satellites seem to divide the formerly dispersed retrograde group into at least two subclusters based on their mean orbital elements. In addition J XVIII Themisto and J IX Sinope (the former prograde, the later retrograde) now appear as single objects that indicate other yet undiscovered clusters. The Saturnian irregulars can be divided into three clusters (two prograde and one retrograde) again based on their mean orbital elements. It is unclear if S/2000 S 8 falls into the retrograde S IX Phoebe cluster. The five known Uranian irregular satellites have been established to inhabit one or two retrograde clusters. Gladman et al. (2001) argue that this orbital clustering suggests that most of the current irregulars are fragments from the collisional disruption of earlier captured progenitor satellites rather than individual satellite captures. A test of this break-up model was proposed. If the irregulars are collisional fragments the broad-band colors within a cluster should be homogeneous.
There exists color photometry, lightcurve, and reflectance spectra for most of the large irregular satellites of Jupiter and Saturn, but little photometry has been reported on the recent discoveries. Gladman and Boehnhardt (2000) reported BVRI magnitudes of J XVII Callirrhoe (formerly designated S/1999 J 1). BVR colors of the Uranian irregular satellites U XVI Caliban and U XVII Sycorax have been measured by Maris et al. (2001) and Romon et al. (2001) . Schaefer and Schaefer (2000) observed N II Nereid and determined its UBVRI colors.
Although the physical properties of the larger, previously known Jovian irregular satellites have been studied in more extensively, the reported measurements are sometimes contradictory. looked at the photometric properties of the outer planetary satellites and found that the outer Jovian satellites resemble C-type asteroids. Degewij (1980) also measured the near-infrared reflectance of J VI Himalia and S IX Phoebe in the 0.3 to 2.2 µm and confirmed that they too resemble C-type asteroids. Zellner (1983, 1984) reported multicolor observations of six Jovian irregular satellites, as well as S IX Phoebe, and found that all the progrades resemble C-type asteroids. The retrogrades were found to be more diverse in color, with J VIII Pasiphae and S IX Phoebe looking like C-type asteroids. J IX Sinope was found to be very red, while J XI Carme showed a reflectance spectrum that was flat, but with a strong upturn in the ultraviolet. Zellner (1983, 1984) speculated that J XI Carme might be showing low-level cometary activity with CN emission at 0.388 µm.
Luu (1991) reported VRI colors, light curves, and reflectance spectra for J VI-XIII. She concluded that the satellites resemble a mixture of C-and D-type asteroids. Similarities between the satellites and the Trojan asteroids were investigated and found to be consistent with the hypothesis put forth by Kuiper (1956) that the two groups of objects (pro-and retrograde) share a common origin. However, by comparing the lightcurves of 6 Jovian irregular satellites and 14 Trojan asteroids Luu (1991) found that the satellites lack the extreme shapes of the Trojans. The physical properties of the large Jovian irregular satellites are generally consistent with, but do not prove, the capture origin theory proposed by Pollack et al. (1979) .
In September 1998, six of the then known eight Jovian irregular satellites were detected in the Two-Micron All Sky Survey (Sykes et al. 2000) . The near-infrared colors (J, H and K) of the prograde satellites were found to be consistent with the hypothesis that these objects are fragments of a captured C-type asteroid. The retrograde satellites in general showed considerable diversity. The failure to detect J XII Ananke is significant, since it implies a visible to near-infrared reddening close to that of prograde J VI Himalia and very different from the other retrograde satellites. This suggests that the retrograde Jovian satellites are fragments of a more heterogeneous parent body than the prograde satellites.
This result was confirmed by Rettig et al. (2001) who performed a BVR color survey of the eight large Jovian irregular satellites. They noted that the retrograde group appeared redder and more diverse in both the B − V and V − R colors than the prograde group. Gladman et al. (2001) showed that the fragmentation idea proposed by Pollack et al. (1979) was likely incomplete. Capture and subsequent break-up by gas drag would mean that smaller fragments, which are more coupled to the gas, should experience faster orbital evolution spiraling in towards the planet and circularizing their orbits. This is contradicted by S IX Phoebe which is the largest and the inner-most of its cluster. Also the Uranian U XVI Caliban and U XVII Sycorax (the largest irregular satellite) are two of the three closest of their cluster. Gladman et al. (2001) favored the idea that each cluster is produced by disruption of the parent body due to collisional events well after the capture.
In this paper we present BVRI photometry of a number of the irregular satellites of Jupiter and Saturn from observations performed at the Nordic Optical Telescope, MMT Observatory and Magellan Observatory. We further examine the dispersion of colors and investigate the correlation between color and dynamical class in order to better understand the physical and dynamical structure of the irregular satellites. By comparing the physical and dynamical properties we can determine wether a dynamical cluster has similar physical properties. A homogeneous cluster will point to a common progenitor for its members (the capture of several bodies with similar surface composition is also a possibility, but this indicate that there are inclinations for which capture is perfeered, which seems unlikely), while a heterogeneous cluster makes additional or other explainations necessary.
By determining the orbital and physical properties of the irregular satellites it is possible to better establish the number of dynamical clusters around each planet. Gaining such a census of the number of clusters, and thus the number of possible progenitors, is necessary to determine the time scale over which capture of the irregular satellites happen.
This will help distinguish between the different types of capturing theories.
Observations
The known irregular satellites have red magnitudes in the range R ∼ 16 − 24, with all the newly discovered objects fainter than R ∼ 20. For the fainter objects medium to large-sized telescopes are needed to acquire sufficient signal-to-noise ratio to accurately determine their colors. We acquired time on three different telescopes: the 2.51m Nordic Optical Telescope (NOT) on La Palma, the 6.5m MMT on Mt. Hopkins, Arizona and the 6.5m Magellan Observatory at Las Campanas, Chile. The circumstances of the observations are given in Table 1 .
Most of the observations were performed under photometric conditions at the NOT using the ALFOSC camera (Sørensen and Nørregaard 1996) . The image scale of this The irregular satellites move across the sky at rates of 5 − 12 arcsec per hour. Thus, the exposure time were limited to avoid trailing loss. Since photometry of field stars is needed to do aperture photometry (see next section), we need to track at sidereal rates, rather than tracking at the satellites' rates. With seeing of 1.0 − 1.5 arcseconds, the maximum exposure time is limited to 240s for a Jovian irregular satellite and to about 300s for a Saturnian. Several images were therefore taken in each filter. The images were then shifted and co-added to increase the signal-to-noise ratio and to avoid trailing losses.
Data Reduction
All the images were overscan corrected, bias subtracted, and flat field corrected to remove differences in the sensitivity over the CCD. The bias was created by averaging 10-15 zero-time exposure. The flatfield frames were created by taking the median of a series of short exposures of the evening/morning twilight or of an illuminated white screen inside the telescope dome. This removed most of the irregularities found on the CCD, producing very uniform images with less than 1% variability across the CCD.
The photometry was flux calibrated using numerous standard stars (Landolt 1992) .
Extinction coefficients and transformation equations were determined for each night. The DAOPHOT package (Stetson et al. 1990) in IRAF (Tody 1986 (Tody , 1993 ) was used to determine the instrumental magnitudes, transformation equations, photometry, and colors of the objects.
Since many of the satellites are very faint and have errors dominated by sky noise, the technique of aperture correction was used (Howell 1989) . The aperture sizes were picked to ensure that the inner aperture covered about one and a half times the full-width at half maximum (FWHM) of the psf of the object. This aperture size insure that a maximum signal-to-noise ratio is achieved for the objects (Dacosta 1992 ). Thus, a aperture radius of 9 pixels was used for the data taken at NOT and MMT (∼ 1.7 and ∼ 0.9 arcseconds respectivelly), while 12 pixels (∼ 0.9 arcseconds) was used for the Magellan observations.
For the outer aperture 2-3 times the FWHM of the psf was used and experimentation showed that 25 pixels worked well for all the data. For the determination of the sky background an annulus 10 pixels wide with an inner diameter of 30 pixels was used. The aperture correction magnitude varies with seeing, but is generally in the range ∆m ∼ 0.1 − 0.3 with errors of±0.01 − 0.03.
In some of the images taken using the I-band filter, severe fringing effects made reduction of the images difficult. Since the fringing effects were confined to the outer parts of the CCD, only the images where the positional uncertainties of the target were great did it effect the data reduction. By summing the available images taken using the I-band filter it was possible to create a fringing flat that removed most of the fringing, resulting in images with less than 3% variability across the CCD.
Photometric Results
In this survey BVRI photometry and the associated colors were determined for 13
Jovian and 8 Saturnian irregular satellites, out of the 20 Jovian and 13 Saturian irregular satellites known at the time of observation. Since most of the observations were performed at the 2.51m Nordic Optic Telescope at La Palma, the survey is mostly limited to the objects brighter than m V = 23.0. Table 2 gives the absolute magnitude, normalized to unit heliocentric and geocentric distance and zero degree phase angle (Bowell et al. 1989) , the observed V -magnitude, and Figure 1 confirms the distribution of colors found by Rettig et al. (2001) . The objects can be roughly separated into two distinct classes based on their colors. One which is essentially grey in color (the objects have sun-like colors) and one which will be hereafter called light red. The B − V vs. V − I plot in Fig. 2 and V − R vs. V − I plot in Fig. 3 confirm this distribution. Note that one object changes classification between the plots. We attribute this to an underestimation of the error of the I-band photometry due to fringing effects. It should also be noted that there exists few estimates of variation in the colors due to variation in surface properties. S IX Phoebe is a good example of an irregular satellite that has a large bright spot on one side of it's surface (Simonelli et al. 1999) . How this bright spot affects the color as S IX Phoebe rotates has not yet been investigated.
These two classes should not be confused with the two different classes named grey and red, found in the Centaur/TNO population by Romanishin (1998, 2000) . Figure 4 shows that both the grey and light red classes as defined in this paper coincide with what Romanishin (1998, 2000) call the grey class.
Dynamical Class and Colors
When comparing colors of objects within a dynamical cluster it becomes evident that for most clusters the individuals members have similar colors, suggesting a common progenitor. Figure 5 shows a polar plot of the mean semimajor axis a, normalized to the Hill sphere, R H , for each parent planet, and mean inclination i (Pollack et al. 1979; Gladman et al. 2001 , ;JPL Solar System Dynamics website (ssd.jpl.nasa.gov)). The different Jovian dynamical clusters are immediately apparent, while the more disperse Saturnian and Uranian clusters are harder to spot. Objects for which photometry has been performed have been colored according to their apparent color class, blue for grey (C-type) colored objects and red for light red (P-or D-type) colored objects. The unobserved objects have black symbols.
Assuming that the most massive body in each cluster is close to the original orbit before a catastrophic collision, the colored areas in Fig. 5 show the possible dispersion of fragments in semimajor axis and inclination. We generated these dispersion areas by adding fixed length velocity vectors with random directions to the velocity vector of the largest member of each cluster, using that objects mean orbital elements and assuming that the collision occurs at a given orbital phase and is an relative small impulse. Given for each resulting velocity vector, new orbital elements are calculated. The cluster of points can be understood in the limit of small velocity changes. We assume typical dispersion velocity ∆v = ∆v S + ∆v T + ∆v W , where the velocity vector has been split into three components.
∆v W gives the component perpendicular to the orbital plane of the satellite, while ∆v S and ∆v T are the components along and at right angles to the radius vector, r of the satellite from the planet. The dispersion in a-i phase space is then given by (Roy 1988) 
and ∆i = r cos u na
where f is the true anomaly, p = a(1 − e 2 ) and u = f +ω − Ω = f − ω.
All of the known clusters are made up of one large and several smaller bodies. The smallest mass difference between the largest and next largest bodies can be found in the Saturnian 45
• -inclination cluster (mass-ratio ∼ 5) and the potential Uranian cluster containing both U XVII Sycorax and U XVI Caliban (mass-ratio ∼ 7). Evaluating the center of mass for these two show that dispersion areas centered on the "center of mass"
are near identical to the dispersion areas centered on the largest body of the cluster.
The speed of the fragments and the true/mean anomaly of the progenitor at impact have been adjusted to show plausible divisions of the objects into clusters. While a more careful analysis that accounts for post-collisional orbital evolution and the probability of impact at different orbital phase is beyond the scope of this paper, the scatter plots provide an zeroth-order approximation of the dispersion velocities needed to create the clustering structure seen in the irregular satellites around all the giant planets. In the following sections we examine in more detail the different clusters and propose some possible theories for the origin of each dynamical cluster. Luu (1991) and Rettig et al. (2001) . The grey colors of the prograde cluster imply that they have surfaces similar to that of C-type asteroids. Cúk and Burns (2001) , studying the gas-assisted capture of irregular satellites, have found that the progenitor of the prograde cluster may have originated from the Hilda region, about 4AU from the Sun. The Hilda family is dominated by P-and D-type asteroids, but due to a spectral slope -asteroid size correlation, the largest members of the family 153
Hilda (with a diameter of 170km) and 334 Chicago (with a diameter of 156km) are possibly C-type asteroids (Dahlgren et al. 1997) . It is usually assumed that the progenitor of a indicates that the five objects in the vicinity are fragments of a common progenitor, that most likely originated in the outer part of the Main Asteroid Belt.
The Jovian IX Pasiphae and XII Ananke (149 • inclination) cluster(s)
The 149
• cluster is currently the group with the greatest number of members. This cluster is dynamically the most diverse of the known Jovian clusters with inclinations ranging from 147.1 • to 152.7
• . This is a factor of 3 larger than the dispersion of the prograde 28
• cluster and a factor of ten larger than the dispersion of the 165 • cluster. The • cluster also has the largest range of semimajor axis, about 3 times more dispersed than the 28 • cluster and 6 times more than the 165 • cluster. The orbital mean elements suggest two distinct dynamical clusters instead of one, one centered on J IX Pasiphae and one centered on J XII Ananke. As can be seen in Fig. 5 there appears to be a gap in the semimajor axis between the two clusters. J VIII Sinope, with its mean orbital inclination of 158.1 • , seems to be an independent capture of an object that has not been fragmented.
This paper presents colors for all seven members of this cluster that were known at the time of observation, but for J XXII Harpalyke the B − V color could not be determined, due to its faintness. The results of the observations can be seen in Table 2 and Fig. 1 It is reasonable to assume that significant orbital evolution has moved the object in this area of phase space away from their imidiate post-fracture orbits, trapping some in the secular resonances. A more detailed study of both the physical and dynamical properties of these bodies are needed to better understand the mechanism that govern the evolution of these bodies.
It should be noted that it is possible to find dispersion ellipses, using dispersion velocities of 200m/s, that create homogeneous clusters. This however create rather arbitrary combination of objects that does not seem to have anything but colors in common.
The Jovian XI Carme (165 • inclination) cluster
The objects of the Jovian XI Carme cluster has very little dispersion in their mean orbital elements of semimajor axis and inclination. Three of the six known objects from this cluster were observed during this survey. Two, J XI Carme and J XX Taygete, lay in the light red color class, while J XXIII Kalyke has colors more consistent with the red class defined by Romanishin (1998, 2000) . J XXIII Kalyke is the only object in the sample to exhibit this redness. But looking at the V − I color of J XXIII Kalyke it is seem to be part of the light red class. Why J XXIII Kalyke has such a red V − R color, while it's V − I color is moderate is uncertain, but it is possible that the moderate V − I color is due to underestimated fringing effects. Both these dynamical clusters are neatly confined. All the objects in the 34
• inclination cluster easily fit inside the dispersion ellipse given fragment speeds of 50m/s centered on S/2000 S 11, which is the biggest member of the cluster with a diameter of 13 km. Using this diameter, S/2000 S 11 has an escape velocity of only ∼ 5m/s.
While the 46
• inclination cluster is physically homogeneous, a large dispersion velocity is needed, at 350m/s centered on its largest member, S/2000 S 3, to be able to fit a dispersion area that contains them all. S/2000 S 3, with a diameter of 16 km, has an escape velocity of v e ∼ 18m/s. The large dispersion velocity could be due to a close encounter with a large object that was subsequently cleared away. It was recently reported that there has been discovered possible secular resonant motion in three of the four known members of this dynamical cluster Cúk et al. 2002) . These secular resonances may have caused significant post-fragmentation orbital evolution that could be behind the large dispersion of orbital elements in this cluster.
The Saturnian IX Phoebe (174 • inclination) cluster
Only two of the four known members of the 174
• inclination cluster were observed.
S IX Phoebe was found to lay in the grey class, while S/2000 S 1 is part of the light red color class.
The color of S IX Phoebe found here is consistent with B − V observations from and Tholen and Zellner (1983) . also reported a single V − R observation of 0.66 ± 0.02, which differs significantly from the color found in this survey. Spectral observations of S IX Phoebe in the 0.33 − 0.92 µm region at two subsequent nights by Buratti et al. (2002) both show essentially flat and grey spectra, which is consistent with the color observations in this paper.
The size distribution of the S XI Phoebe cluster, with one large and several small bodies, points to one or more cratering events. There is an upper limit on the energy density of a collision for a cratering event, given by E/M T ∼ 10 2 J/kg, where E is the kinetic energy of the impactor and M T is the mass of the target (Fujiwara et al. 1989) . Energies larger than this will lead to fragmentation of the target, leaving a different mass distribution than found in the S IX Phoebe cluster. Assuming that such event only knocked loose a piece of similar size of S/2000 S 1 (∼ 7 · 10 −4 M T ) and that 10% of the energy is converted into kinetic energy for the piece (Fujiwara et al. 1989 ), a maximum speed of ∼ 170m/s is achieved. For objects with similar sizes as S/2000 S 12 (∼ 3 · 10 −6 M T ), using the same arguments, yield a maximum dispersion speed of ∼ 2.6km/s. It is important to remember that these are generous upper limits, assuming that the maximum energy possible for a cratering event and also assuming that only one piece is knocked out, with all the kinetic available being used in accelerating it. If we assume that both S/2000 S 7 and S/2000 S/12
(for a total mass of ∼ 6 · 10 −6 M T ) were part of the same event, we get upper dispersion We are therefore left with the conclusion that there is are two rather than one dynamical cluster, both with inclinations ∼ 174
• . It is however not clear to which of these two clusters the three small irregular satellites, with diameters of∼ 2 − 4km, that reside in orbits between S IX Phoebe and S/2000 S 1 belong to. Determining their colors would help determine which of the two progenitors they most likely are the result of.
It should also be noted that it is possible that orbital evolution after fragmentation of one single progenitor is behind the current orbital distribution. This suggest that S IX Phoebe either moved inwards or S/2000 S 1 diffused outwards. Both these scenarios seems unlikely as no secular resonances have been reported to be present in this region around Saturn. The fact that the two objects observed in this survey have such different colors, also support the idea of two rather than one dynamical cluster in the vicinity.
The Uranian Irregular Satellites
The six known Uranian irregular satellite all have similar orbital elements, but with a rather large dispersion. It has been speculated that these irregulars make up several dynamical clusters, but no clear evidence of this has been found. Only U XI Caliban and U XII Sycorax have had their B − V and V − R colors determined (Maris et al. 2001; Romon et al. 2001) , and both have light red colors.
Looking at the possible dispersion caused by fragmentation makes it clear that there is likely more than one dynamical cluster, unless the irregulars have had significant orbital evolution after fragmentation. Using dispersion velocities of 75 and 115m/s centered on U XVI Caliban (v e ∼ 45m/s) and U XVII Sycorax (v e ∼ 87m/s), respectively, the six Uranian are divided into two clusters (see Fig. 5 ). U XVIII Prospero and U XIX Setebos are then part of the U XVII Sycorax cluster, while U XX Stephano falls in the U XVI Caliban cluster. The new S/2001 U 1 does not fit into either cluster, but it's current mean orbital elements (which are still rather uncertain) suggest that it is part of the U XVII Sycorax cluster. It is possible to fit all the Uranian irregulars inside a dispersion area centered on U XVII Sycorax (the biggest of the Uranian irregulars with a diameter of ∼ 95km), using a dispersion velocity of ∼ 250 − 300m/s and a collisional event close to apocenter. To create such a dispersion velocity for U XVI Caliban alone, a fragmentation caused by a event with
energy density E/M T ∼ 5 · 10 4 J/kg is needed (again assuming that 10% of the energy of the impact is used to disperse the fragments).
Using this energy density it is possible to estimate the mass of the target )
where S, M and ρ is the impact strength, mass and density of the target respectively, E = (1/2)mv 2 is the kinetic energy of the impactor and f l is the mass ratio of the largest remaining fragment to the target. Using U XVII Sycorax as the largest remaining fragment and the energy needed to disperse U XVI Caliban to its present position we get a progenitor with a diameter of ∼ 395km, assuming the progenitor was an icy body with impact strength S/ρ ∼ 30J/kg. The mass ratio of U XVII Sycorax to the progenitor is f l ∼ 0.16.
This implies that the Uranian irregular satellites could be the remains a fractured natural satellite or a large captured Centaur/Trans-Neptunian Object. However, assuming a size distribution given by power-law (Greenberg et al. 1978 )
where N is the number of fragments with mass larger than m, and C and b are constants that can be determined through the total mass of the target M and the size of the largest fragment. Applying this to the Uranian system yields a distribution with 5-6 fragments with mass equal to or larger than U XVI Caliban. The stable region around Uranus has been searched to a ∼ 90% efficency to a 50% "completeness magnitude" of m R ∼ 24.3 − 25.1 (Gladman et al. 1998 . Given U XVI Calibans magnitude, m R = 21.9 ± 0.1 (Gladman et al. 1998) , it is hard to imagine that the "missing" three or four fragments would have been missed in these searches. The one dynamical cluster hypothesis therefore looks unlikely.
Conclusion
The observations presented in this paper provide a survey of BVRI magnitudes and colors for 13 Jovian and 8 Saturnian irregular satellites. The results show that the irregular satellites seem to be divided into two classes based on colors. To avoid adding confusion with other terminology used in the field, the names of these two classes of have been chosen as grey and light red. Observations of additional objects are needed to confirm this division.
The colors of the irregular satellites found in this survey confirm that both C-and P/D-type asteroids are the most likely captured parent bodies, although at leat one (J XXIII Kalyke) has colors too red for it to be a P/D-type asteroid. This indicates that it is possible that one or more Centaur/TNO have also been involved in the capture and fragmentation process, or some of the irregular satellites have experienced significant surface evolution.
The data also show a correlation between physical and dynamical properties in most of the clusters. This suggest that most clusters are the products of cratering or catastrophic fragmentation events. We also found that two of the dynamical clusters (the Jovian 145
• and the Saturnian Phoebe cluster) have heterogeneous colors. The diverse and highly populated Jovian 145
• cluster seems to most likely be the result of two (or maybe even three) cratering/fragmentation events. The existence of secular resonances in the region (Saha and Tremaine 1993; Carruba et al. 2002; Cúk et al. 2002) is good evidence that significant orbital evolution has occured after the cratering/fragmentation events.
The S IX Phoebe cluster was also found to be heterogeneous and we show through a simplified analysis of possible cratering/fragmentation scenarios and subsequent dispersion velocities that these fragmets are most likely two rather than one dynamical cluster, one We also used the simple cratering/fragmentation analysis and showed that the six known Uranian irregular satellites can be divided into two dynamical cluster, one centered on U XVI Caliban and another on U XVII Sycorax, although there is an unlikely possibility that all six are fragments of a catastrophic fragmentation of a large (diameter of ∼ 430km) natural moon or captured Centaur/TNO.
In future studies we will determine BVRI colors of the irregular satellites not observed in this paper in order to help distinguish between the different dynamical clusters.
Determining the colors of the remaining known Saturnian irregulars with inclinations around 174
• is especially important. We will also investigate the near-IR JHK-bands to extend the spectral baseline, which will help in distingushing the surface properties between objects with similar BVRI colors. This will help to classify the large and confusing set of
Jovian irregulars in the 140
• − 160 • inclination area.
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--------------------- Table Caption   Table 1 Here are shown the observational circumstances for each object. OPT is the Observer-Primary-Target angle. Table 2 Here are shown the photometric results of the observations. The m v (1, 1, 0) gives the absolute magnitude normalized to unit heliocentric and geocentric distances, and zero phase angle. 1σ errors are given. 
